A hydrological study of four streambed recharge structures, locally called check dams, in a monsoonal area of hard-rock terrain in Rajasthan, India, was conducted over 3 years to evaluate their contribution to agricultural production. Their catchment area totalled 3,003 ha, and mean annual recharge from the 4 impoundments was 779,000 m 3 or 26 mm. The calculated components of the annual water balance of these check dams are presented, together with a sensitivity analysis on unmeasured parameters and documentation of capital and maintenance costs of check dams. The maximum recharge was found to occur in the wettest year for the two structures on first-order streams; however, for the two structures on second-order streams, the maximum recharge occurred in the average rainfall year because, at these sites, groundwater levels rose so that the stream became hydraulically connected to the aquifer for a period in the wettest year causing mean dry weather infiltration rates to diminish. The study also evaluated the effect of manual desilting and mechanical desilting on mean dry-weather-infiltration rate. For the check dam that was manually desilted, the recharge increased by 84% over that of the preceding year, whereas for the mechanically desilted check dam it reduced by 18%, and the two control check dams increased by 13%. A present value analysis for net benefits of additional crop production attributable to recharge from check dams indicated that, after accounting for average annual maintenance costs 2.9% of capital costs, the benefit:cost ratio of the four check dams averaged 4.1. Hence this study shows that these check dams are economically attractive at the local level for securing irrigation water supplies.
Introduction
Recharge structures in beds of ephemeral streams have been relied on in major programs in the last 60 years for augmenting groundwater recharge in hard-rock aquifers for irrigation and drinking water supplies in many semi-arid and arid countries . The high level of investment and high reliance placed on such structures has resulted in much anecdotal testimony by farmers and governments as to their effectiveness, but only 10 studies were found to quantify the recharge attributable to only 18 of these structures in India ). This paper extends from previous work by exploring factors affecting variations in infiltration rates among four check dams in southern Rajasthan, India, over 3 years, including the effects on groundwater levels measured in nearby wells. It has enabled water balances of these check dams to be calculated, including the annual recharge.
It is known that some recharge structures have impoundments that in some cases are well-scoured by high flows and therefore do not accumulate much silt. Other check dams accumulate silt that settles out in the check dam reducing the capacity of the impoundment and likely also reducing the permeability of streambed sediments, and hence the rate of infiltration of water. Desilting of check dams is desirable in such cases, but until now there has been no study in india of the impact of desilting of check dams on infiltration rates. This paper includes a study of two types of desilting, by manual labour and by heavy mechanized equipment, and compares the impacts.
Finally, there is sparse reliable information on the local economic impacts of streambed recharge structures (e.g. CGWB 2000 CGWB , 2007 , which this paper attempts to address. The methodology proposed by CGWB (2000) assumes a Bcommand area^where crop production is attributed, wholly or in part, to the groundwater recharged by a nearby streambed structure. It is difficult to gain scientific evidence for the extent of the impacted area so the exercise, while commendable, remains somewhat subjective. In this paper a different approach is adopted. Recharge is measured from each check dam over a 3-year time period and the capital costs and maintenance costs are both taken into account through a present value analysis, that then gives a unit cost of recharged water. The benefits are determined by considering the net profit from agricultural production, after accounting for production costs and using local information on yields, prices and water use requirements of major crops; therefore, knowing the local mix of crop types leads to a unit benefit of water for irrigation. An assumption is made that all of the recharged water results in additional water supply to crops and in the Dharta catchment studied in southern Rajasthan, which contains 250 monitoring wells read weekly over 3 years (Maheshwari et al. 2014; Chinnasamy et al. 2018a) , this is a well-supported assumption. The ratio of unit benefit to unit cost therefore provides an alternative approach to calculation of the benefit:cost ratio of recharge structures.
Materials and methods

Study area
The Dharta watershed with an area of 6,305 ha is situated in a gently undulating part of the Aravalli Hills of Udaipur District in southern Rajasthan, about 65 km east of the city of Udaipur. Mean annual rainfall at the nearby Vallabhnagar meteorological station ) is 665 mm with more than 90% falling in the monsoon season (June-October). The area has a number of villages with a population of 18,600 (as per census 2011) that relies on groundwater for drinking water supplies and for livelihood from growing agricultural crops. Kharif (monsoon season crop), which is mainly maize (food grain) followed by guar (cluster bean), jowar (sorghum: fodder and seed) and soybean (oilseed), are generally grown without irrigation except if there are dry periods, when so-called Blifesaving^groundwater irrigation is applied. The rabi season (dry winter) crop depends on irrigation from farmers' wells and only one quarter to one half of the catchment area is irrigated. The main rabi crops are wheat, mustard and isabgol (psyllium husk). Having no surface-water supply source, the irrigated area is limited by the availability of groundwater which varies from year to year based on post-monsoon groundwater storage.
Prior to the 1960s, irrigation water was accessed from large-diameter dug wells with water lifted in buckets powered by oxen walking down ramps. When electricity supply commenced in the 1960s, pumps were installed, the cropped area rapidly expanded, and groundwater levels fell. Wells were deepened from~10 to~30 m (from farmer interviews and observations). The introduction of tube well construction in the 1980s helped sustain production but continued to lower the dry-season water table leading to unreliability of dug wells (Shah 2009; Shankar et al. 2011) . To help enhance groundwater recharge, over the last four decades check dams have been constructed by government agencies and nongovernment organizations in ephemeral wadis of western and southern parts of India (Agoramoorthy and Hsu 2008; Kulkarni et al. 2015) .
The geology of the Udaipur District is dominated by phyllite-schist and also consists of gneiss, granite and quartzite. Typically, hard-rock aquifers are unconfined within 100 m of the surface (Rajasthan Ground Water Department 2008) , and confined deeper aquifers are present in some locations. Machiwal (2009) records that hydraulic conductivity of hardrock unconfined aquifers in Udaipur district ranges from 1 to 40 m/day. Chinasamy et al. (2018a) estimated an average specific yield value in Dharta watershed between 1.4 and 8% with an average of 4%.
In this catchment, depth to groundwater level was observed weekly from 250 wells between 2013 and 2016. Groundwater levels were recorded by 25 farmers who had been selected and trained to take hydrological measurements and were known as Bhujal Jankaars or BJs (groundwater knowledge brokers; Maheshwari et al. 2014; Jadeja et al. 2018) . Four check dams, near the villages of Badgaon, Dharta, Hinta and Sunderpura, were selected for detailed study. These are located on first and second order streams (Fig. 1) .
The objectives of this paper are to demonstrate the hydrological performance of these four check dams over a 3-year period, to report their localized economic impact and thereby produce a cost-benefit analysis, as well as to compare effects of manual and mechanized scraping of silt from check dams on their recharge performance. Results are intended to inform planning and policies for streambed recharge structures in similar areas. This will enable them in conjunction with demand management to sustain and maximise livelihoods (Dillon et al. 2009 ).
Recharge estimation
The monitoring and recharge estimation of four check dams for 3 years (2014-2016) was done as described for the 2014 and 2015 years in using a simple daily water balance method applied to the water impounded by each check dam. In summary, for each check dam, the area-and volume-elevation curves had been determined from a survey of topographic level. During dry weather, the measured daily decline in the impounded water level was attributed to the dryweather-infiltration rate (DWIR) and evaporation, where evaporation was estimated as a uniform 5 mm/day, by scaling from the mean daily evaporation in the A-class pan evaporimeter at CTAE, Udaipur meteorological station . There was no direct use of water from check dams. During wet weather, when levels remained below the spillway, inflows were calculated using water level change accounting for mean DWIR (over the period in that year when the check dam contained water) rainfall and evaporation-that is, the volume of daily recharge in wet weather was assumed to occur at the mean DWIR multiplied by the average surfacewater area over the day, and did not depend on estimated inflow. When the water level exceeded the cease-to-flow level of the spillway, the instantaneous discharge rate was calculated using a weir discharge formula for a horizontal broadcrested weir. The average of the flow rates for the current and preceding days was assumed to occur over the full 24 h to crudely estimate the daily spill and this was added to the calculated inflow. The discharge coefficient in the weir formula was adjusted to constrain seasonal runoff coefficients to physically plausible values. Spill volumes and inflow during spill were expected to be unreliable and were not used in the calculation of recharge .
A sensitivity analysis was performed to assess the impacts on water balance components of evaporation rate, weir discharge coefficient and also the mean dry weather infiltration rate (MDWIR) as applied during wet weather. In order to interpret factors that may affect DWIR, the groundwater levels from the three closest monitoring wells to each check dam were recorded daily during periods when water was impounded and weekly at other times. Also, the recorded mean daily air temperature at Udaipur meteorological station was obtained.
Desilting measurements
Check dams accumulate any silt that is not discharged over the spillway. Such silt impairs the performance of check dams in two ways. Firstly, it reduces the storage capacity of the check dam so its ability to retain and recharge water is diminishedas an example, it was observed in 2013 that one 5-year-old, 2-m-deep check dam in Gujarat had filled completely with silt, an accumulation averaging 40 cm/year. More data are needed to determine average siltation rate and its relationship to catchment conditions and check dam location and design, and to estimate typical frequency of desilting needed.
Secondly, the silt retained in the check dam is likely to have a finer particle size distribution than the alluvial sediments in the stream deposited under higher water velocities before the check dam was installed. Hence, accumulation of lower permeability sediment on the floor of the check dam is likely to reduce infiltration rate over time.
Other types of maintenance occasionally required include repairs to concrete weirs, side walls, and aprons to prevent leakage of water through or around the structure, and to ensure its structural integrity. Hence maintenance should be considered an integral part of establishing check dams if they are to continue to perform as expected. In the Dharta catchment, the watershed department had given priority to building new check dams over maintenance of existing check dams, in the absence of information on the effects of siltation and desiltation on recharge.
As part of this study, two methods of removing silt from check dams in the dry season were employed; hand scraping and mechanical scraping (Fig. 2) , to determine the effect of these methods on mean dry-weather-infiltration rates (MDWIRs). At Badgaon before the 2015 monsoon, scraping of silt by manual labour was undertaken; note, this was the only check dam studied to be scraped by hand. At the same time, mechanical scraping of Dharta check dam was performed using a bucket excavator. In the following year Dharta check dam was again scraped with machinery along with the Hinta check dam. Both these check dams also received repairs to wing walls before the 2016 monsoon. On each occasion the volume of silt removed was recorded from the number of trolleys of silt removed for each day of desilting, multiplied by the typical volume of silt removed in each trolley. This was also used to give the contracted cost of desilting that was added to any other costs of maintenance.
Assessment of costs of managed aquifer recharge
The costs of managed aquifer recharge (MAR) structures include capital and maintenance costs. The construction dates and costs of the recharge structures were provided by the Udaipur District Watershed Department (for Dharta and Badgaon check dam), a nongovernmental organisation (NGO; for Sunderpura check dam) and by the Irrigation Department (for Hinta). No costs were attributed to the land inundated or occupied by the check dams because the ponding area of most check dams is under pasture or forest land already in government possession.
The maintenance costs were provided by the Watershed Department and these were costs charged by contractors for mechanical methods of desilting. At one site desilting was performed by farmers and local pottery makers using hand labour and at the others it was performed by mechanical excavator. The volume of silt removed was determined by counting trailer loads moved and estimating the capacity of each trailer.
Operating costs such as annual inspections for structural damage, are very small per check dam in comparison with maintenance costs and were neglected. Also, the cost of monitoring to assess the recharge effectiveness of check dams was neglected. A simple gaugeboard template is available to easily paint gaugeboards onto sidewalls to enable farmer measurements of groundwater levels. There is also a free mobile phone app (MyWell; Daly et al. 2018) to enable BJs to upload daily water level readings (and photographs of the gauge board) to a web site to allow checking and help if required with estimating MDWIR, to thereby assess the need for desilting. Training programs for BJs at a large scale are under consideration by the Government of India, and check dam monitoring is intended to be included in that program.
A present value analysis of costs and benefits was used to determine the benefit:cost ratio. All costs and benefits were discounted to the year 2014. The average Consumer Price Index for India over the last 10 years is 8.1% and over the last 30 years is 7.7%, so a discount rate (r) of 8% was adopted (Inflation 2017). The present value of capital costs, PVC, in year 2014 Indian Rupees (INR), is
where C i is the initial capital cost expended in INR in the year of construction (n i ) and n b is the base year for present value calculation, i.e. 2014. The annualized present value for check dam construction costs, AC, is given by multiplying the present value of the capital costs by the capital cost recovery factor (CRF). This gives the annualized payment over the life of an asset that has the same present value as the capital cost of the recharge structure.
where L is the assumed economic life in years of the recharge structure for the level of maintenance provided. In this paper, asset life of 30 years was assumed, as typical of a concrete structure, possibly conservatively, as many check dams older than 50 years can be found in hard rock areas of India. Noting the highly irregular and inconsistent maintenance undertaken on the four observed check dams, as reported later, the gross maintenance costs for each check dam were first converted to present value in year 2014 (INR) and then divided by the age of the check dam to produce a mean annual cost of maintenance.
where M j is the maintenance cost expended in year n j , noting that n b -n j is negative when n j is after 2014. The mean of these for the four check dams (MAM) was then adopted as the annual cost in the present value analysis for each of these check dams, so as to be consistent with gross maintenance costs, but smooth out the ad-hoc way they were accrued for these four check dams.
Hence, the annuity to cover construction and maintenance costs for each check dam is given by ACM, where
The average recharge occurring from a check dam over the three years, when used to approximate the mean annual recharge (MR) allows calculation of the average unit cost of annual recharge, CR (INR/m 3 ): This can be directly compared with the annual benefits per unit of check dam recharge.
Assessment of MAR benefits
The benefits were determined using the calculated recharge volumes from each of the four check dams in each year, and the average recharge for each check dam over the 3 years was presumed to approximate the mean annual recharge over the working life of the check dam. There are reasons to believe that this was a representative period of record, having a Btypical^year, a Bdry^year and a Bwet^year; additionally, it was found that wet years do not necessarily result in higher recharge from check dams as will be shown later. It was also assumed that all the recharge from the check dams results in additional agricultural production at the average ratio of crop yield to irrigation water use. This assumption warrants more detailed inspection.
Firstly, there would have been some recharge from the streambed before the check dam was built, so not all the recharge measured can be attributed to the investment in the check dam. However as will be seen later, the duration of wetting and area wetted are both significantly greater with a check dam than without, so the approximation that recharge measured is similar to the net increase due to the check dam appears valid.
Secondly, in this area, groundwater is generally used throughout the rabi season until the well runs dry. Large diameter wells and deep tube wells in hard-rock aquifers are both pumped at a higher rate than the rate at which they are replenished from aquifer storage, so as the rabi season progresses, wells run dry during the daily cycle of up to 8 h pumping per day, and partially recover when pumping stops. In pumped dug wells, the rate of recovery of the water table, the elevation of the recovered water table, and the daily volume of water extractable, each decline during the course of the rabi irrigation season. Groundwater levels in pumped dug wells were found to reach similar levels at the end of each rabi season, suggesting that groundwater available for crop irrigation was determined by recharge during the preceding monsoon. Lateral gradients of groundwater are shallow in comparison with the drawdown cones observed in irrigation areas, and the high density of wells ensures that a high proportion of any recharge, natural or managed, will contribute to groundwater supplies in the year of recharge.
Thirdly, although the recharge from check dams was found to reduce the salinity of nearby groundwater (Vidya Bhawan Krishi Vigyan Kendra (Udaipur), unpublished data, [2015] [2016] , there are no data in the Dharta catchment as yet to differentiate the effects of water quality and quantity on the increase in agricultural productivity. Conversely, sources of water for natural recharge and check dams have the same origin, so there is not anticipated to be a material decline in quality of groundwater used for drinking water supplies, and the risk management measures are likely to be unchanged , although intermittent increases in pathogen numbers and changes in fluoride concentrations could potentially occur in nearby wells.
The benefits were calculated using data sourced as follows: This enabled the calculation of the net revenue attributable to the volume of water recharged for the average crop mix grown in the area serviced by all four check dams. There was no attempt to estimate the Bcommand^area influenced by each check dam as the piezometric responses to natural recharge and check dams were confounded, and water quality was not a useful discriminator between water sources.
The crop area weighted mean annual benefit of all agricultural production over the 3 years is.
The crop area weighted mean water requirement to produce this benefit is given by MAU
Hence, the annual benefit per unit of volume attributable to recharge from a check dam, BR (INR/m 3 ) is assumed to be at the average benefit per unit of water use, given by:
where g is the proportion of recharge from check dams that results in additional agricultural production. In this case, g is assumed to be 1.0 on the basis of the local hydrogeological setting as previously discussed. And for the benefit:cost ratio of check dams, BCR is given by the ratio of annual unit benefits and annual unit costs:
Results and discussion
Hydrological analysis
Water balance
The surveys of check dam impoundments allowed calculation of basic metrics for each check dam, as shown in Table 1 .
Components of the daily water balances for these four check dams in 2016 are plotted in Fig. 3 . Water balance components for the four check dams are summarized for each of 3 years in Table 2 . Rainfall in 2016 averaged twice as much as for the two preceding years and generated 72% of the estimated check dam inflows over the 3 years. Although average rainfall totals in 2014 and 2015 were almost identical, there were significant differences in the temporal and spatial distribution of rainfall that led to estimated runoff of 22 and 6% of the 3-year total in those years respectively. Hence estimated inflows relate closely to farmers perceptions that 2014 was an Baverage^year, 2015 a Bdryŷ ear and 2016 a Bwet^year. In total across sites and years, 76% of estimated inflow was spilled, 19% was recharged and 5% evaporated. The estimated proportion of inflow that was recharged from all check dams was 37, 70 and 10% for 2014, 2015 and 2016 respectively. Conversely spill accounted for 57, 18 and 87% of inflow and evaporation for 7, 16 and 3% over these years. Total annual recharge from the four check dams in these years was estimated to be 976,000, 510,000 and 850,000 m 3 respectively. The recharge to capacity ratio varied between check dams and years, with a mean of 1.66 and range from 0.17 to 3.40.
Among years, the mean recharge to capacity ratio for all four check dams ranged from 1.09 in the Bdry^year (2015), 1.81 in the Bwet^year (2016), to 2.08 in the Baverage^year (2014), with a coefficient of variation of 0.31. (These values differ slightly from those reported by , which was the mean of the individual check dam ratios, rather than the ratio of the totals.) Although the check dams contained water for a longer period in the wet year, the mean infiltration rate was lower than in the other years. The reasons for this include possible hydraulic connection between check dams and aquifers, and high sediment loadings due to intense rainfall events up to 250 mm, and are discussed later in the paper. Among check dams, the ratio of average annual recharge to check dam capacity over the 3 years ranged from 1.01 at Sunderpura (with the highest ratio of detention capacity to catchment area) to 2.48 at Badgaon.
The ratio of recharge to runoff, as expected in the Baverage^year 2014, was ranked in the same order as the ratio of check dam capacity to catchment area, and approximately so in other years. In general, in the low flow year the proportion of flow recharged (except for Badgaon) increased but in 2016, the Bwet^year, the proportion of recharge to inflow declined, as expected for all check dams. Changes in the catchment upstream of Hinta check dam occurred (under Mukhyamantri Jal Swawlamban Yojna) in 2016 which may have contributed to an apparently reduced runoff relative to other catchments.
This shows that there are large season-dependent variations in the hydrologic impacts of check dams. Their impact will be felt greatest in relation to natural recharge in dry years, and at these times, the reduced spill could be conspicuous for downstream communities. The results suggest that longer-term studies are required in order to produce reliable conclusions on long-term or average performance of check dams. In this study, by good fortune, rainfall patterns were favourable, including dry, average and wet years, but this cannot generally be relied upon in design of recharge studies. Furthermore, an economic Sensitivity analysis for water balance
The sensitivity of water balance components to the estimated evaporation rate, the discharge coefficient of the weir and the estimated wet-weather-infiltration rate (WWIR) were calculated. Results for the Hinta check dam (the largest check dam studied) in 2014 (the Baverage^year) are shown in Table 3 . Each parameter in turn was increased from its Bbase casev alue by 20% and the corresponding percentage change in each of the water balance components was calculated. Increasing the rate of evaporation by 20% gives a directly proportional increase in the volume evaporated; however, the reduction in recharge is only 3.5% because the evaporation was only 18% of the recharge for the base case. Increasing the weir coefficient has a directly proportional impact on spill and increases the calculated inflow by 7.5% but has no effect on recharge as the recharge calculation does not make use of inflow or outflow. Increasing the WWIR by 20% increases the calculated recharge by only 2.4% and inflow by 1.2% with a very small decline in calculated evaporation. The main reason for low sensitivity of recharge to WWIR is that 87% of the Bbase case^recharge occurred in dry weather. The low sensitivity of calculated recharge to these parameters that are extrapolated to remote streambed structures, or estimated on the basis of daily gaugeboard readings by farmers, suggests that the method used is suitably robust for estimating recharge from check dams with this level of data availability. analysed the reliability of farmer measurements of check-dam water levels and found that 96% of readings were within ±1 cm of values from concurrent photographs as read by a university researcher. In summary, while runoff estimates are considered unreliable, the recharge estimates were found to be relatively insensitive to unmeasured parameters and are considered robust.
Runoff coefficient
The check-dam inflow volume was calculated on a daily basis using water level measurements and area-volume elevation curves, to calculate inflow, spill, recharge and evaporation. No information on runoff coefficients (ROC) was available in these check dam catchments, so results were compared with estimates from Strange's table (source: Subramanya 2008), which is commonly used in India to estimate annual monsoon runoff without the ability to validate predictions. Knowing the low level of accuracy of the spill calculation based on only daily water level readings, this analysis was partitioned to focus on only the years and check dams with no spill, where inflow estimates were considered reliable. Rainfall was recorded only at a single rain gauge in or adjacent to each [2014] [2015] [2016] a The initial value of wet-weather-infiltration rate (WWIR) is taken as the calculated mean dry-weather-infiltration rate (MDWIR) catchment that ranged up to 1,705 ha. The seasonal runoff coefficient was calculated using the seasonal inflow and dividing by the estimated volume of seasonal rainfall on the catchment. 
Mean dry-weather infiltration rate (MDWIR)
There are two main factors that dictate recharge from any check dam, the presence of water in the check dam and its rate of infiltration. The MDWIR, measured over days when water level is lower than the weir crest and falling at least as fast as the evaporation rate, is taken to be the rate of recharge during all other times, when inflows are estimated. The errors, some compensating, associated with this approximation are discussed by . During this study, MDWIRs ranged between 10 and 57 mm/day, and the mean was 27 mm/day, more than 5 times the estimated evaporation rate from the dam surface of 5 mm/ day (Table 5) . Importantly, the highest DWIR was observed at Badgaon in 2015, immediately following manual scraping to remove silt from the floor of the check dam. The two lowest rates were recorded in Dharta and Hinta check dams immediately following mechanical scraping of the check dams, with the lowest rate after two successive years of mechanical desilting. MDWIR in the driest year 2015 is particularly clear where the largest increase from 2014 occurred in the handscraped check dam and the only decline was in the mechanically scraped check dam. This appears to be evidence of soil compaction by the heavy machinery used at Dharta check dam, which actually had the opposite of the intended effect of scraping.
From Table 5 , it can be seen that MDWIR was highest in 2015, the 'dry' year, for all check dams except for mechanically scraped Dharta, and was lowest in 2016 the 'wet' year for all check dams. In 2014, the 'average' year, MDWIR had intermediate values close to the mean of the 3 years for each check dam. Although this is a small sample and influenced also by desilting, it appears that wetter seasons produce lower infiltration rates. One possible reason for this is that higher flow years produce higher rates of siltation; however, this would also suggest a monotonic decline in MDWIR, which did not occur in 2015, even though in three check dams there was no spill and hence no scour and flushing of sediment. Another factor could be differences in water temperature affecting kinematic viscosity of water, and hence hydraulic conductivity of streambed sediments and is discussed later.
A third consideration was the impact of wetter years resulting in higher natural recharge to the unconfined hardrock aquifer causing water table to rise and hydraulic connection with the impounded surface water. The process of hydraulic connection has been studied and modelled with a boundary element model having a moving upper surface and found to quickly reduce the recharge rate to about 10-20% of the preceding hydraulically disconnected rate, due to change in hydraulic gradient surrounding the streambed (Dillon and Liggett 1983 ) and the effect is larger for wider impoundments such as check dams (from electrical resistance analogue models, Bouwer 1978; and using a boundary element model, Dillon 1984) . The differences in MDWIR between check dams in any year (except the first before any desilting) were similar to or larger than differences between years, suggesting that the effects of desilting, combined with other variations between sites, were as significant as variations between years (Fig. 4) . The year of least standard deviation and coefficient of variation was 2014, before desilting commenced. The check dam with highest standard deviation across the three years, more than twice that of others, was Badgaon, the manually scraped check dam, suggesting that this change was significant.
The changes in MDWIR between 2014 and 2015 would be the changes least influenced by groundwater interactions. Relative to the net increase for unscraped check dams of 13%, the Badgaon check dam that was scraped by hand labour increased a further 70%. For the Dharta check dam that was scraped using heavy machinery, its MDWIR decreased 18% and so relative to the unscraped check dams declined by 31%. Although this is a very small data set, the implications could More data will be needed to help formulate appropriate strategies, accounting for the benefits and costs of desilting, with a greater emphasis on methods that avoid compaction of sediments. Elsewhere, it has been shown that scraping has improved recharge capacity. In a study by Mousavi and Rezai (1999) of three artificial recharge sites in Isfahan Province, central Iran, on average, the average infiltration capacity of the untreated recharge facilities had declined to 20.3% of its initial value, and that 68.3% of initial infiltration capacity was restored after scraping off the top 15 cm of silt.
Factors affecting dry weather infiltration rate (DWIR)
Variations in DWIR are shown over the 3 years and four sites in Fig. 5 . Each site and year follows a pattern of high rates early in each monsoon season, reaching 150 mm/day at each site for short periods. This reduces to low values in the midmonsoon period and in prolonged monsoons, most notably in 2016, when there are extended periods of very low infiltration rates. Finally, as the season ends, the rate of infiltration increases at most check dams. Although the air temperature ranges from 15 to 30°C during the ponding period, there was no correlation found between DWIR and air temperature. Air temperature falls at the end of each monsoon season when infiltration rates increase; hence, daily air temperature was not responsible for the observed increase in infiltration rates. As water level rises within a check dam it had been expected that this would increase the hydraulic gradient for seepage; however, this is not supported by the observations. These show lower DWIRs at higher storage levels, but due to the larger surface area, daily volumes of recharge are less affected.
Groundwater levels were monitored daily at three wells closest to each check dam when they contained water and weekly throughout the rest of the year. At Badgaon the closest well was 68 m upstream of the weir. For other sites, the closest Figure 6 compares daily values for the groundwater in the proximal well and the Badgaon check dam water level. The term 'reduced level' (RL) is used as the cease to flow (spillway crest) level of the horizontal broad crested weir is adopted as a temporary bench mark and assigned a reduced level of 100 m (RL 100 m). The lowest elevation of the impoundment is at RL 97.7 m. The DWIR is plotted daily using a secondary axis (on the right). The bottom of well B9 is at RL 80 m, and each year in the dry season the well ran dry. In the wet seasons of 2014, 2015 and 2016, the peak groundwater level reached RL 97.7 m (the lowest ground surface), 95, and 98.7 m respectively. The DWIR reduces to approximately zero whenever the groundwater elevation at B9 is above RL 97 m, which corresponds with hydraulic connection between the aquifer and the check dam. This is most clearly observed in 2016. At this location, surface-water levels remained above groundwater level so no direct groundwater discharge to the check dam occurred; however, observation of Fig. 3 shows a sustained period of spill between Fig. 7 Water level in Sunderpura check dam and nearby well (SP26) with daily DWIR (2014) (2015) (2016) 24 August and 14 September 2016 with only intermittent rainfall, suggesting that groundwater discharge was occurring into the stream upstream of the check dam.
Similar data are shown in Fig. 7 for Sunderpura check dam, where the closest observation well (SP26) is 656 m downstream of the check dam, and the local temporary benchmark for the crest of the check dam is taken to be 100 m and the lowest ground surface of the impoundment is 97.7 m. In the wet seasons of 2014, 2015 and 2016 the peak groundwater level reached 97.4, 96.4, and more than 100.5 m respectively. In years 2014 and 2015 there was no spill and marginal evidence of hydraulic connection in 2014; however, in 2016, the wet year, the groundwater level in SP26 not only demonstrated hydraulic connection but rose to above the level of surface water in the check dam due to significant natural recharge. This suggests that groundwater discharge to the check dam occurred between 24 August and 7 September as also indicated by spill in Fig. 3 . When groundwater levels in well SP26 dropped below about 96.5 m the DWIR again increased, suggesting that the check dam and aquifer had again become hydraulically disconnected.
At Dharta and Hinta check dams, the monitored wells were not sufficiently close to the check dams to conclusively determine whether hydraulic connection occurred in 2014. Hydraulic connection was unlikely in 2015 when levels peaked 5-10 m below the lowest levels of the impoundments, but was evident from a period of low DWIR, and from evidence of continuous flow from 24 August to 4 Sept 2016 for Dharta and from 24 August to 10 Sept 2016 for Hinta. Thus, each check dam, depending on its position in the catchment, the nature of the aquifer and ambient groundwater depth, had different propensities for hydraulic connection, which suggests that for longterm studies there would be a great advantage in having monitoring wells very close to check dams to interpret recharge behaviour.
Benefit cost analysis
Capital and maintenance costs
The cost of each check dam was taken from government department records and varied from 150,000 to 500,000 Indian Rupees (INR) in their year of construction, which ranged from 1995 to 2005 (Table 6 ). The benefit cost evaluation here is done in Indian Rupees (INR) in the year 2014. In that year the average exchange rate with the US dollar was 60 INR per US$ (max 63.69, min 58.43).
The maintenance costs of each check dam (primarily scraping for silt removal and occasional repairs to concrete structures) were estimated for manual and mechanical scraping (Table 7) . No maintenance costs were recorded for the four check dams from their establishment until after 2014, and for Sunderpura check dam there has been no maintenance for 22 years. The check dams had quite different mean annual maintenance costs, which discounted to year 2014 INR, ranged from 0 to 7.3%/year of the capital costs with a mean of 2.9%/year. Table 8 summarizes the annualized costs expressed in terms of the present value in 2014 INR, for capital, and applied to all check dams with the assumed maintenance cost, taken as the mean from Table 7 . It also shows the average annual recharge over the 3 years of record, 2014-2016. Using the approximation that the mean annual recharge in these 3 years represents the mean annual recharge over a 30-year life of these check dams, given this level of maintenance, the average unit cost of annual recharge (CR) is obtained (Eq. 5).
Benefits
Benefits were calculated using data provided by the Irrigation Depatment, Rajasthan Department of Agriculture (2017) and ICAR (2009) and Eqs. (6)-(9). Major rabi season crops are (2) wheat and mustard having on average 44 and 36% of the total cropped area, respectively. Water uses for these two dominant crops were measured in farmers' fields by installing a water meter near the well head. For the remaining mix of crops, the water use was referred from sources as listed in the footnote of Table 9 . The area fraction of opium (0.7%) is very small compared to major crops in Dharta watershed, but to eliminate any possible impression that this crop may be responsible for elevating the determined benefit cost ratios, the net profit and water use of wheat were substituted for opium. This marginally reduced the area-weighted profit per unit volume of water from 2.42 to 2.36 INR/m 3 (in INR 2014) for Dharta watershed using groundwater. This lower value was used in the benefit:cost analysis. This paper has addressed only one aspect of the benefits of recharge enhancement, being the main motivation to secure and expand rabi season irrigation supplies. Beernaerts (2006) proposed an evaluation framework for groundwater recharge enhancement systems for improved irrigated agriculture with economic, social and environmental indicators. In addition to the economic evaluation of the current study, Beernaerts (2006) proposed evaluating: economic impacts on improved soil fertility using silt removed from check dams; the potential for increase or decrease in fluoride or arsenic concentration in the aquifer and for pollution by faecal pathogens, taking account of water quality improvements (e.g., as reported by Patel 2002 with localized lowering of salinity); the rise in water table with consequent reduction in energy required for pumping, improved conditions for survival of riparian trees and control of saline intrusion in coastal areas; the current externalities faced by downstream communities of reduced water availability for irrigation or city water supply dams and reduced incidences and severity of flooding and erosion. Beernaerts (2006) also considered a range of financial indicators for evaluating economic impacts of recharge enhancement and suggested that those measures that brought supply side and demand-side (such as water use b AM is the annualized maintenance cost calculated from Eq. (3) c MAM mean annualised maintenance cost per recharge structure Table 7) c ACM is annualized cost that covers capital and maintenance in INR (2014) (from Eq. 4)
d Average unit cost of annual recharge from check dams (from Eq. 5) Table 9 Benefits from rabi season crops per unit volume of water use for the existing crop mix Wheat and mustard account for 80% crop area: Field measurements using a water meter at selected farms of Badgaon, Dharta, Hinta and Sunderpura villages in Dharta watershed performed by Ragini Dashora, MPUAT, 2015 . These values compared favourably with those of cited by Dakshinamurti et al. (1971) of 400 mm for wheat; and for mustard 280-300 mm (Singh and Moolani 1969) , respectively Other crops: sorghum, berseem (Dakshinamurti et al. 1971) ; Onion (Dastane et al. 1970) ; Cumin: Ghamarnia et al. (2014) ; Barley, Gram: Michael and Pandey (1970) and Majumdar (2002) ; Isabgol, Fenugreek and Ajwain: these are estimates based on relative number of irrigations in a season, as reported by Bhujal Jankaar farmers, with respect to other crops with referenced water use efficiency) into perspective would have advantage to communities for decision making on water management. Gale et al. (2006) reported the results of a project to determine impacts of recharge structures on livelihoods in village communities. Their study showed the reasons why this is difficult. They found that a lack of baseline data on the 'before' recharge situation hampered longitudinal comparisons of 'before' and 'after' income. MAR typically forms one of a number of watershed activities and agricultural reforms aimed at improving resource productivity, generating employment and supporting livelihoods. Hence it would generally not be straight forward to isolate the effects of recharge structures from the other effects. Gale et al. (2006) proposed that comparisons between 'with' and 'without' recharge structures also require a control group with a similar environmental and socio-economic profile to the 'with' group. This would enable confounding effects of rainfall variations between years and other factors affecting productivity to be removed. Finally, changes in economic conditions, access to infrastructure and other external factors may also impact on agricultural production. Gale et al. (2006) concluded that Battributing changes in livelihood strategies and outcomes to watershed development, and to MAR specifically, is therefore difficult to do with confidence^. However, surveys of farmers for their records and perceptions did reveal an association between increased livelihoods and streambed recharge structures. The approach used in this current study using recharge volumes from check dams determined from daily water balances, assuming a proportion of this (here 100%) contributes to crop production, and using crop area weighted mix of net profit per cubic meter to value the benefit, is a more rational approach than the 'before and after' method, but is not without limitations, as discussed earlier.
A comparable analysis for agricultural value of water use using surface-water irrigation was undertaken by Garg et al. (2012) . Other researchers, Hussain et al. (2007) , compiled more recent estimates of the average value of agricultural water in several countries that varied among countries. For Indian irrigated areas, the average value of agricultural water use was estimated as US$0.09/m 3 . After accounting for inflation, the higher value of water benefits obtained for the current study (Table 9) is attributed to higher efficiency in the use of groundwater over surface water, as has been observed by Burke and Moench (2000) .
Benefit cost ratio (BCR)
Benefit cost analysis is presented for the four studied check dams of Dharta watershed in Table 10 . The unit cost of recharge, CR (Eq. 5), varies from 0.36 to 1.73 INR/m 3 (from Table 8 ). The unit benefit of recharge, BR (Eq. 8), was found to be 2.36 INR/m 3 (from Table 9 ) and is assumed constant for all check dams in this area. These unit values attributable to benefits and costs were used to calculate benefit:cost ratio (BCR) which ranged from 1.3 at Sunderpura check dam to 6.4 at Hinta check dam with a mean of 4.1 (Table 10 ). The Hinta check dam had the highest recharge (about half of the aggregate recharge of the four check dams), the lowest unit costs of recharge, and contributed 57% of aggregate net benefits from all four check dams. This suggests that the siting and design features were well matched for this check dam.
The earliest BCR found for Indian streambed recharge structures was for Baramati Taluka of Pune District, Maharashtra, which was declared in 1963 to be an area of Bprecarious scarcity^with total or near total crop failure occurring in 1 year in 3, due to drought. In response, a combined effort of government and NGOs constructed the first percolation tank in 1968, and by the end of 1978 more than 149 had been built with a combined capacity of 15 Mm 3 (Dillon 1983) . Percolation tanks are similar to check dams except that they (5) b BR: average unit benefit of annual recharge calculated from Eq. (8) c BCR: average benefit cost ratio calculated from Eq. (9) have an earthen embankment and a separate concrete spillway, rather than just a weir on a stream. At 1980 the feasibility criterion for construction of percolation tanks was for cost to be less than 1.9 INR/m 3 detention capacity and the average value was 0.92INR/m 3 capacity (Dillon 1983) . (In the current study this was 7.9 INR/m 3 in 2014 Indian Rupees, approximately, half the cost from 1978 inflated at 8% pa rate to 14.7 INR/m 3 .) There were no measurements to enable recharge to be estimated, although Dillon (1983) recommended installation of gaugeboards and monitoring water levels in streambed structures and wells. The current study demonstrates the value of having such data.
Based on Maharashtra Irrigation Department records, the mean capacity of these first 149 percolation tanks was 98,700 m 3 , and the average area benefitted by each tank was estimated to be 36.2 ha. The crop mix in this area was jowar (millet) (45%), wheat (30%), sugar cane (10%), and vegetables, onions and gram (each 5%). The Irrigation Department's estimated average annual increase in income per tank was 56,000 INR and net costs of production were not reported. The capacity of a tank divided by the estimated benefitted area is 272 mm. This is not inconsistent with water use results for the current study considering crop types and the likelihood of annual recharge to exceed detention capacity. The resulting benefit:cost ratio (BCR) derived by Dillon (1983) based on a discount rate of 10% was >6. Using a 30-year life and 8% discount rate, as per the current study, BCR would have been 7.0; however, for comparison with current data from Rajasthan (where profit is 28% of the increase in income), and allowing 3% capital costs for annual maintenance, and a 30-year life and 8% discount rate, a BCR of 1.5 is achieved. In the Baramati area the Irrigation Department also estimated a silt loading to percolation tanks of 1.7 m 3 /year/ha of catchment area. It would be very informative to record the current status, maintenance history and also the DWIR on these percolation tanks 40-50 years since construction.
The CGWB (2000) Guide on Artificial Recharge to Ground Water gives a brief summary of the procedure for undertaking an analysis to determine the benefit:cost ratio (BCR) of a recharge project, and gives the computed BCR for a number of recharge structures in Amravati District, Maharashtra. For three percolation tanks, BCR is 1.3-2.0, increasing with impoundment size (from 49,000 to 132,000 m 3 ), and with an aggregate mean BCR of 1.76. Cement plugs are smaller, with a typical detention volume of 4,000-10,000m 3 , and for ten such structures the estimated BCR ranged from 0.88 to 5.80 with a mean of 1.88. The method of recharge benefit calculation assumed that the difference in recharge, and hence area that can be irrigated resulting in increased crop income, is attributable entirely to the check dam. However, in the current study there are significant variations in recharge and crop production between years due to the amount and pattern of rainfall within the monsoon.
This and other agronomic factors would confound estimates of benefits attributable to check dams. A series of years before and after check dam construction would need to be compared to give confidence to these benefit estimates. Another advantage of the method used in this paper is that it can be applied even in the absence of information before the check dam was constructed. As presented in Table 9 for the area-weighted crop mix, the benefits can be calculated from per unit volume of recharged water even in a study period of 3 years. The benefit calculation depends on average crop mix in an area; thus, it can be applied for any check dam within the catchment. Machiwal et al. (2004) used the contrast between expected production before and after check dam construction for a hypothetical example consistent with the authors' perceptions, to estimate benefits of small-waterharvesting structures suitable for catchments smaller than 30 ha in southern Rajasthan. Their analysis used a lifetime of 10 years and a 10% discount rate; the analysis took into account capital costs based on design of the structure and presumed an annual maintenance cost of 10% of capital costs for masonry structures and 25%/year for earthen structures. The net profits per ha of wheat and mustard crops were slightly higher than those used in this current study after taking into account inflation. Importantly, they also considered benefits to occur during the kharif season, with one third of the benefits attributed to extra cropping in the kharif in their lower rainfall (541 mm) study area. In the current study, it was not possible to quantify benefits attributable to check dams of Blife-saving^irrigation during dry spells in the monsoon. These benefits were ignored on the conservative presumption that the residual groundwater available for rabi irrigation may be reduced by irrigation in the kharif. Hypothetical benefit:cost ratios calculated by Machiwal et al. (2004) ranged from 5 for earthen structures to 3.5 and 1.9 for dry stone masonry of simple and more complex design, respectively. They concluded that concrete weirs, which cost considerably more, were not cost-effective in catchments of less than 30 ha.
By 2007 the Central Ground Water Board had revised and expanded its Manual on Artificial Recharge of Ground Water (CGWB 2007) . In this, a chapter is devoted to economic evaluation of recharge schemes. The volume of recharge is estimated from the product of seepage rate, average area of water spread and the duration of storage. This implies monitoring of water levels in the check dam; however, the degree of adherence to this is unknown. Benefits can include income from additional agricultural production, and savings in pumping energy, as well as savings from constructing new tube wells and installing new pumps that would otherwise be done. The CGWB (2007) template for cost benefit analysis adopts the income from increased production rather than the net income after costs (28% of income in the current study), and the default value suggests crop irrigation requirement is 670-1,000 mm/ year, which is somewhat larger than the 413 mm/year for the cropping mix in the current study. Hence, on balance, the default values in CGWB (2007) likely overestimate the benefits in comparison with the current study. However conservative default values for annual costs are likely to at least partially compensate, by including an annual interest expenditure of 10% of the capital cost, maintenance and repairs charges of 2.5%, depreciation of civil works 5% and miscellaneous expenditure of 1%. An example of percolation tanks in Baramati Taluka of Pune District, Maharashtra, is given that used a life time of 15 years and very high discount rate of 15% at an undeclared date, with an interest rate on loans of 11.5%. The capital cost of 9 INR/m 3 capacity, pre-2007, would considerably exceed the average capital costs for the current study at 7.9INR (in 2014) /m 3 capacity. The size of the tank evaluated was 130,000m 3 , very similar to that of the Dharta check dam. For that example, the present value of costs exceeded the present value of benefits unless a 75% subsidy was applied to the capital cost. It is unclear whether capital costs as well as interest on capital are accounted for in this analysis, but it seems at odds with the BCR of 1.5 re-evaluated for the average of 149 check dams in the Baramati area, as shown in the preceding text. Malik et al. (2014) followed a different approach, by interviewing 120 farmers with and without small private rainwater harvesting structures on their land in western Madhya Pradesh and recording the changes in reported crops and livestock. There was negligible change in kharif cropped area and livestock numbers, but a very substantial increase in cropped area in the rabi season followed construction of structures. In this area, of~800-mm annual rainfall, irrigation water was drawn directly from farm water storages rather than by recharge to the aquifer and then extracting. Benefit cost ratios of 1.9 and 1.5 were found for alluvial and hard-rock areas respectively without a government subsidy. In hard-rock areas, the depth of excavation and hence impoundment depth was constrained. These structures occupied between 6 and 10% of a farmer's land area, and so it is not surprising that with evaporation losses and low use of water for irrigation in the kharif season, the available irrigation water would be less than detention capacity, so the benefit:cost ratio would be expected to be lower than that found for groundwater recharge structures in wadis found in the current study, where average recharge was 1.66 times detention capacity.
Conclusions
The results give some measures not previously reported and reveal some interesting observations that could be important for siting, design and maintenance of recharge structures. Firstly, the basic hydrologic studies over 3 years of four check dams with a total catchment area of 3,003 ha in southern Rajasthan revealed that the check dams contributed recharge that averaged 26 mm/year. This recharge equated to 3.3% of the average annual recorded rainfall (779 mm) over this period and 19% of crudely estimated runoff. Annual recharge from these four studied check dams was 0.78 Mm3/year, and it equated to 8% of average rabi season water use over 2,330 ha of cropped area. The average annual recharge was 4 times the evaporative loss from the check dams, and 1.66 times the capacity of the check dams. The method of recharge calculation was shown to have low sensitivity to evaporation rate and the estimated WWIR, and was independent of the assumed weir coefficient and estimated runoff. Seasonal runoff volumes, where they could be measured accurately for check dams that did not spill in some years, were between 20 and 100% of the estimated values based on Strange's table values for the rainfalls received in those seasons.
Mean dry weather infiltration rate (MDWIR) across four check dams and 3 years was 27 mm/day. The value varies with season, and higher flow years had lower infiltration rates, largely due to hydraulic connection occurring between underlying groundwater and impounded water, which significantly reduced and in one case reversed, the hydraulic gradient from the check dam. At the peak of the 2016 monsoon season, some streams flowed continuously demonstrating groundwater discharge to some reaches upstream of check dams. Anecdotal evidence suggests there are variations between check dams and years in the rate of siltation, which is expected to reduce hydraulic conductivity and storage capacity and hence check dam effectiveness.
Scraping check dams manually appears to be much more effective in restoring MDWIR than mechanical scraping, where subsoil compaction appears to have negated the expected benefits of desilting. In this cohort, 2.9% of the capital costs were expended on average annually on maintenance. This was quite unevenly spread among sites and for one check dam there had been no maintenance in 22 years. It is recommended that a larger number of check dams need to have monitoring and pilot maintenance programs in order to refine these and to estimate a budget for effective maintenance of Rajasthan and India's existing recharge assets. The MDWIR calculation can be done by farmers through a citizen science activity (Jadeja et al. 2018; Daly et al. 2018 ) and this will help prioritize check dams for desilting.
Measuring groundwater levels adjacent to check dams helps to reveal whether a measured decline in infiltration rate is due to siltation or to hydraulic connection with groundwater. This information could be used to better inform siting, design and maintenance of check dams in catchments-for example, locating check dams outside areas of seasonal groundwater discharge would help to increase their cost-effectiveness.
The benefit:cost analysis method applied is similar to other approaches, except that it makes use of estimated recharge derived from robust daily water balance calculations, rather than estimating the areas likely to be effected by a check dam or attributing increases in income solely to new recharge structures. However, it does rely on an assumption that all the water recharged becomes accessible as irrigation water that results in increased crop production, and in this area, with 250 wells observed weekly over 3 years (Chinnasamy et al. 2018a ), this assumption appears reasonable. The four check dams have an average unit cost of recharge of 0.56 INR/m 3 and a crop production benefit based on the recorded crop mix, to calculate a unit benefit of 2.36 INR/m 3 giving a benefit:cost ratio of 4.1. Even if a modest proportion of the volume of recharged water from check dams is recovered as irrigation water and increased crop production, these check dams would still be considered economically attractive. Further work is required to evaluate impacts of check dams on downstream communities to enable a catchment-wide benefit:cost ratio to be determined, which would be the most appropriate measure of economic impacts of check dams.
